Abstract. The present paper is concerned with two types of periodic unit cell of composite yarn with different geometry but the same material properties. Their macroscopic response under tensile and compressive loading in the transverse direction and their combination are plotted in the graphs. Based on stress-strain curves the failure envelopes are constructed. A simple maximum stress criterion and linear softening law is used in the adopted progressive damage analysis to outline the softening part of stress-strain diagrams. Finally the impact of selected representative volume element is observed through the comparison of results gained for both designed periodic unit cells in the microlevel, meaning the level of yarn.
Introduction
Demands on material properties increase as many different industry branches develop. Therefore new materials, like textile composites become popular, especially for their variability, that consist for example in type of material used for fibers and matrix, type of weave, volume fraction of individual phases, curing temperature and so on. Every mentioned factor influences the final macroscopic properties, so one of their big advantage is the possibility to adapt their final macroscopic properties. For their high specific strength, stiffness and temperature resistance they find use for example in automobile or aerospace industry. One of the most typical reinforcement are glass fibers, which belong to the most price favorable fibers and also have quite high modulus and strength. Next commonly used fibers are Carbon and basalt fibers. These are better in terms of mechanical properties. Nowadays carbon fibers are still more often substituted by the basalt fibers thanks to their similar mechanical properties and lower price.
For the possibility an extensive and mainly safe use of such material the knowledge of their behavior under different loading cases for both, in the elastic part and also after the damage occur, is necessary. As the experiments are complicated not only in terms of feasibility, but also from the time and financial point of view, some effective tool to obtain their macroscopic response numerically is desirable.
The structure of braided composite is very complex, thus the appropriate simplification provided through the determination of representative volume element and subsequently construction of periodic unit cell, substituting its structure is important for the numerical analysis.
In this paper, we adopt two types of periodic unit cell in the micro-scale, meaning the level of yarn, with attention concerned to the evaluation of macroscopic strength for unidirectional fiber composite under tensile and compressive on-axis loading in the transverse direction, see Fig. 3 and Fig. 4 , and using their combination the failure envelope expressing the effective strengths in arbitrary transverse direction could be draw up.
In case of textile composite, see the cross section and 3D periodic unit cell of such a composite in Fig. 1 , for obtaining its macroscopic properties, results from analysis introduced in this work will be applied to the meso-scale level where the effective properties of yarns are needful.
Moreover, the influence of elected periodic unit cell of yarn is investigated via the evaluation of effective elastic properties with the hand of finite element method subsequently compared with elastic properties gained by the Mori-Tanaka averaging scheme.
Periodic Unit Cell of Yarn
Design of periodic unit cell (PUC) of yarn is based on the image analysis carried out on the cross sections of yarns, see Fig. 2a , consisting of determination of geometrical parameters and then evaluation of volume fractions of individual phases. Based on the knowledge of the inner geometry a representative volume element (RVE) is determined, for more details see [1] . Typical and the most simplified PUC of yarn dealing with the idealized hexagonal distribution of fibers was designed, can be seen in Fig. 3 . Moreover, 4-fiber PUC of yarn with more complex RVE was created, see Fig. 4 , to be able to verify the adequacy of designed PUC. 
Failure Criteria and Damage Model
When loading of periodic unit cell representing yarn of braided composite we can distinguish two types of failure modes:
• Fiber failure mode
• Matrix failure mode
In contrast with the direct stiffness reduction method, which simply assign zero stiffness to the integration point of mesh element, where the strength is reached, in adopted progressive damage model proposed by Fang et al. [2, 3] lower individual elements of the stiffness matrix according to the magnitude of loading to reflect a material degradation with the evolution of cracks. Then we can observe the macroscopic response also after the strength is exceeded. Damage evolution is expressed as
In Eq. 1 χ Ji eq and χ Jf eq represents the equivalent displacement at the onset of failure and the equivalent displacement at the full damage, respectively.χ J eq expresses equivalent displacement in the current loading step. The initial value is defined from the first load increment as
where F J is J th failure criterion. As a simple maximum stress criterion is adopted in present work, following condition must be fulfilled to start developing the damage after the crack initializes. To define the displacement at the full damage in the nonlinear constitutive model, the fracture energy as the principal material property is indispensable. It can be written as
The fracture energy is graphically expressed in Fig. 5 . 
Numerical Experiment
Numerical experiment was carried out on a basalt fiber composite with pyrolized polysiloxane matrix. As the material is heterogeneous, several indentation measurements were performed on both phases of the available sample, fibers and matrix. Results from these measurements are listed in Tab. 1. Average results of elastic material properties partially taken from the experiment, partially from literature, see [4] and partially set according to the analogy with the carbon fibers, are summarized in Tab. 1. Young's modulus was derived from indentation results based on contact mechanics principles of two colliding bodies, as described in [5, 6] . These results have already been presented in [7] . Principles of the nanoindantation method are described in [5] . Effective elastic properties of investigated composite summarized in Tab. 3 were also investigated in order to verify the adequacy of selected representative volume elements. They were obtained by the micromechanical Mori-Tanaka averaging scheme, which builds upon the knowledge of the shape and orientation of the reinforcement, material properties and volume fraction of individual phases. Next, they were gained with the help of more complex first order homogenization approach, but on the other hand more numerical and time demanding method with the need of construction of PUC. The elastic properties provided by the finite element method for two designed PUCs illustrated in Fig. 3 and Fig. 4 agrees well with the Mori-Tanaka predictions.
The main part of presented paper is numerical evaluation of strength of mentioned composite. Such an analysis was performed in the transverse direction of both designed PUCs. At first both the on-axis tensile and compressive loading and then their combinations necessary for construction of the failure envelope were applied. The failure envelope plotted in the Fig. 10 illustrates the strength in the transverse direction of yarn. The shape perfectly corresponds to our presumption leading from the adopted simple maximum stress criterion mentioned above in Eq. 3. The maximum and minimum values of reached effective stresses are marked and provided in the graphs for the on-axis loading directions.
Further and the last output of this study is evaluation of the nonlinear macroscopic response of the composite. For this purpose, stress-strain curves for both PUCs were generated (Fig. 6 to Fig. 9) . One for each on-axis transverse direction for tensile and compressive loading increments. Table 3 . Effective elastic moduli. Evidently the macroscopic response gained for both PUCs gives almost the same results not only in the elastic part but also for the nonlinear behavior with just negligible differences.
Model

Conclusion
The presented paper was concerned with two types of periodic unit cell of composite yarn with different representative volume element but the same material properties. At first their effective elastic properties were obtained both by the Mori-Tanaka averaging scheme and finite element method. Based upon gained results the adequacy of the designed PUC could be verified.
In the next step the macroscopic elastic and nonlinear response for tensile and compressive loading in the transverse on-axis direction were investigated and plotted in the diagrams. On the basis of the presented methodology we can observe macroscopic behavior of composite after cracks initialize and damage starts to develop. A simple maximum stress criterion and linear softening law was adopted in this study to outline the nonlinear part of stress-strain diagrams. Based on the stress-strain curves derived from the biaxial loading, the failure envelopes were constructed. Re- alized computational analysis shows the macroscopic strength of investigated composite for the input parameters summarized in Tab. 3. Differences in failure envelopes (Fig. 10 ) and in stress-strain curves raised for both examined PUCs (Fig. 6 to Fig. 9 ) are almost imperceptible and could be caused by the unequal generated mesh density. Consequently we can afford to consider the disparities such insignificant that the simplification of yarn through the designed PUC is perfectly acceptable.
The model was tested on mentioned composite but with incomplete knowledge of needed input material parameters. In the future work we will pay our attention to another numerical and nanoindentation experiments to get necessary parameters to accomplish more accurate analysis on micro-scale and continue with numerical predictions of composite with more complex structure, e.g. illustrated in Fig. 1 . 
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